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Abstract 
Examination of the effect of toluene and carbon dioxide, accompanying acid gases (mainly H2S) in the sulfur 
recovery process is very critical to determining optimum operating conditions for enhanced sulfur recovery. 
Experimental and simulation results presented here with the addition of different amounts of toluene or carbon 
dioxide/toluene mixtures to the H2S gas stream provided direct quantification on the conversion efficiency. The 
results showed similar trends between the calculated and experimental data, which revealed a decrease in conversion 
efficiency with increase in toluene and carbon dioxide/toluene addition to the H2S gas stream. The role of reactor 
operating temperature was also examined. The toluene addition increased the optimum reactor temperature for 
enhanced sulfur recovery, whereas presence of CO2 reduced the optimum operating temperature. The presence of 
toluene and CO2 in the acid gas stream directly affects the sulfur recovery efficiency by altering the optimum 
temperature of the reactor. These results reveal the importance of temperature and its excursion for enhanced sulfur 
recovery in a Claus process.  Detailed results and analysis are presented in the paper. 
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1. Introduction 
Sulfur recovery from acid gas stream (mainly H2S and CO2) often refers to the conversion of acid gas 
to elemental sulfur. Acid gases are major byproducts of desulfurization units in natural gas plants and 
crude oil refineries [1-3]. Other compounds that often accompany acid gases include N2, mercaptans (such 
as, CS2, COS), ammonia and aromatic hydrocarbons, such as, benzene, toluene and xylene (also known as 
BTX). The composition of acid gas from different desulfurization units shows significant variation [2]. 
For example, the H2S concentration in acid gases can vary between 5-100%, ammonia less than 20%, 
mercaptans up to 2% and hydrocarbons comprising of BTX less than 1% and CO2 between 0-80% [2-5]. 
Hydrogen sulfide causes health hazards that include effect on eyes, skin, and respiratory system irritation. 
As a result, environmental regulatory agencies are promulgating stringent regulations on sulfur and other 
pollutant emission from oil, gas, and chemical processing facilities worldwide. These effects pose 
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significant demand for reliable and cost effective technologies for sulfur recovery at increased capacity 
and various amounts of contaminants in H2S. The most common sulfur recovery method with wide range 
of acid gas composition is the Claus Process [2]. Claus process involves the partial combustion of H2S 
using air or O2 under rich conditions (at equivalence ratio of ĭ=3) to form elemental sulfur. During this 
reaction one third of H2S is burned to form SO2 (reaction 1); the reaction continues between SO2 and 
unreacted H2S in appropriate ratio to form elemental sulfur (reaction 2). The sulfur captured is in either 
liquid or solid form. Most Claus process plants have two main stages of thermal and catalytic. Both stages 
incorporate the identical chemical reactions (1 and 2), but catalysts are used in the later (catalytic) stage to 
enhance H2S conversion efficiency, with the result that H2S and SO2 concentrations are extremely low. 
However, high conversion efficiency of H2S in the thermal stage can reduce the number as well as load on 
the catalytic stages thus reducing the plant operational costs and enhance operational efficiency. 
H2S +1.5O2 ė H2O+SO2; Hr = -518 KJ/mole     (1) 
2H2S +SO2ė 1.5 S2+H2O; Hr = 47kJ/mole   (2) 
The efficiency of thermal stage in a Claus process plant can vary significantly depending on the acid 
gas composition and operational condition of the Claus reactor. Acid gases with low H2S (less than 40%) 
and high CO2 content (lean acid gas), can cause problems of flame stabilization that results in insufficient 
reactor temperature to destruct hydrocarbons, such as BTX and other impurities in a Claus reactor. Acid 
gas impurities (e.g. NH3, CH4 and BTX), even when present in very small amounts, can change the 
chemical kinetics of H2S reactions, alter the H2S:SO2 ratio (reaction 1) to favor formation of CO, COS, 
CS2 and other low molecular weight hydrocarbons [6]. This poses several technical problems to Claus 
process plants that include rapid deactivation of catalyst in catalytic stages due to hydrocarbon depositions, 
leading to higher operational cost and reduced process efficiency. Thus, it is necessary to destroy all acid 
gas impurities in thermal stage for efficient and higher sulfur recovery. This then requires comprehensive 
understanding of the roles of impurities in H2S reactions to ensure controlled operation of Claus reactor. 
This in turn depends on feed composition of the acid gas. The effect of toluene (aromatic impurity in acid 
gas) and toluene/CO2 mixture to H2S conversion efficiency in thermal stage of Claus reactor is presented 
here.
2. Comparison of Experimental and Calculated Data 
All experiments reported here are at equivalence ratio (defined as ratio of actual fuel to oxygen ratio 
normalized by the stoichiometric fuel to oxygen) of three with respect to H2S and complete combustion of 
toluene. It was assumed that carbon dioxide did not influence the equivalence ratio.  
Investigation was carried out to determine the sulfur recovery and optimum operating temperature of 
Claus furnace that results in maximum sulfur recovery using equilibrium analysis. CHEMKIN PRO 
software by Reaction Design was used along with the detailed sulfur and toluene reaction mechanisms. 
Toluene oxidation mechanism developed by Zhenyu et al. [7] was incorporated with H2S oxidation 
mechanism of Leeds University [8]. The resulting reaction mechanism for the H2S/C7H8 mixture consisted 
of 70 species and 246 reactions. Sulfur conversion efficiency used to compare the reactor performance 
under different operational conditions is defined as mass of sulfur recovered to mass of inlet H2S. The 
mass of the inlet H2S was kept constant for all the simulations. 
To validate the simulated trends, experiments were conducted to quantify the conversion efficiency. 
Simulations were conducted at selected temperature of 1495K for comparison due to the existence of 
temperature variation in the experiments. These results were compared with the experimental data 
(conversion efficiency vs. toluene concentration) [9]. The major goal of this comparison was to validate 
experimentally observed trends with the predicted conversion efficiency with different amounts of toluene 
addition into acid gases stream.  
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Figure 3 depicts the experimental and numerical results on the conversation efficiency with change in 
the amounts of toluene addition to the H2S acid gas stream. The results show a near linear relationship of 
conversion efficiency with different amounts of toluene addition. Deviation between the simulation and 
experiment increased with increase in toluene addition. This could be due to the assumptions involved in 
equilibrium mode of analysis and the temperature variation in the experiments. The conversion efficiency 
decreased with increase in the amounts of toluene addition into H2S gas stream. Our previously reported 
data on the effect of C7H8 addition to H2S combustion under Claus conditions showed that the presence of 
C7H8 in acid gas stream alters the chemical kinetics of H2S reactions significantly, and causes the 
formation of H2, CO and COS [9].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Equilibrium calculation and experimental data on conversion efficiency at different toluene 
amounts to inlet H2S gas stream 
3. Parametric Studies 
A parametric study was performed to seek the optimum reactor temperature for enhanced sulfur 
capture from acid gases. The temperature range examined was 800-2000 K with wide range of toluene (0-
3%) and carbon dioxide (0-70%) concentration into the inlet H2S gas stream. Equilibrium modeling 
provides useful information on representative product composition in fast chemical kinetic processes. In 
Claus reactors the residence time of gases is high, but equilibrium state may not be attained. However, the 
use of equilibrium sulfur conversion provides favorable information in high temperature conditions which 
favors faster rate of chemical reactions and such conditions prevail in thermal stage of Claus reactors.  
3.1. Effect of Toluene on Acid Gas (H2S)  
Figure 2a shows conversion efficiency as a function of optimum temperature that corresponds to 
maximum amount of sulfur recovery from acid gases. Conversion efficiency increased at lower 
temperatures due to the formation of elemental sulfur (reactions 1 and 2). The conversion efficiency 
decreased at higher temperatures due to change in the chemical kinetics of H2S reactions that enhanced 
SO2 formation rather than elemental sulfur. Toluene addition decreased the conversion efficiency. This 
could be attributed to the formation of several intermediate products that alters the product distribution of 
H2S reactions. At low amounts of toluene addition (less than 1%), optimum reactor temperature was 
constant (remained unchanged), but addition of higher amounts of toluene caused the optimum reactor 
temperature to increase (see Fig. 2b). This is because higher temperature promotes decomposition of H2S 
and hydrocarbons and reduces the formation of unwanted products, such as, CO and COS in the Claus 
reactor. 
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Figure 2a and b. Conversion efficiency and optimum reactor temperature with different amounts of 
toluene addition to inlet H2S acid gas 
3.2. Effect of Toluene on Acid gas (H2S and CO2)
The amount of toluene was kept constant at 0.5% and that of CO2 was changed between 0-70% in the 
inlet H2S acid gas. The results showed similar trends to those with C7H8 addition alone. But toluene and 
CO2 addition caused significant decrease in conversion efficiency at higher reactor temperature, which 
further decreased with higher amounts of CO2 addition (see Fig. 3a). Thus, optimum reactor temperature 
reduced (see Fig. 3b). At high temperatures, CO2 dissociates to release oxidizer into the reaction pool [10].  
  
 
 
 
 
 
 
 
 
 
 
Figure 3a and b. Conversion efficiency and optimum reactor temperature with different amounts of 
carbon dioxide and toluene addition into inlet H2S acid gas.  
4. Conclusions
Effect of toluene and carbon dioxide, accompanying H2S in acid gases is examined on the conversion 
efficiency and optimum reactor temperature in the temperature range of 1000-2000K. Trends of 
conversion efficiency were quantified using equilibrium simulations that were compared with experiments 
at different concentration of toluene in H2S gas. The results revealed a decrease in conversion efficiency 
with increase in toluene and carbon dioxide/toluene addition to the H2S gas stream. The results showed 
that presence of toluene increases the optimum reactor temperature for enhanced sulfur recovery, whereas 
it reduces the optimum operating temperature in the presence of CO2. Presence of both toluene and CO2 in 
the acid gases alters the optimum temperature of the reactor and deteriorates the sulfur recovery efficiency.  
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